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Thesis Title: “Chirally Modulated Calcium-BINOL Complexes in Asymmetric                          Catalysis: Application towards the stereoselective synthesis of                          (R)-(-)- Baclofen and (S)-(+)-Fenoprofen”

The thesis deals with the design and development of a new and efficient bifunctional catalytic system Ca-BINOL complex for the asymmetric C-C and as well as C-O bond forming reactions and their application towards the total synthesis of pharmacologically important compounds. 
The thesis comprises of four chapters, Chapter I shows the significance of chiral compounds and also provides an up to date coverage of important catalytic systems developed using BINOL as chiral ligand. Chapter II deals with the efforts carried out for the development of active chiral calcium catalyst for the creation of a quaternary stereocenter. This chapter also provides an important evidence for the formation of the catalyst by ESCA studies. Chapter III illustrates the generation of an improved catalyst and its application towards the most extensively used transformation for carbon- carbon bond formation “Michael addition”. The methodology developed has been applied in the stereoselective synthesis of (R)-(-)-Baclofen. Chapter IV describes the generation of a catalytic system for the epoxidation of ,- unsaturated carbonyl compounds. With the objective to extend this methodology we pursued a concise synthesis of a bioactive molecule (S)-(+)-Fenoprofen.


Chapter I:  Introduction & General Literature survey

Many pharmaceuticals, agrochemicals industry and intermediates today has limited use of racemates, thus a need for the enantiopure compounds is on a rise. A principal problem in organic synthesis is development of methods for producing complex molecules with a stereochemically defined structure. Various ways to synthesize enatiomerically pure compounds is illustrated in Figure 1.




Figure 1: Routes to enantiomerically pure compounds

Asymmetric catalysis is a powerful synthetic tool for a number of asymmetric transformations based on metal catalysis. Chiral metal catalysts are usually prepared through complexation of enantiomerically pure organic ligands with the appropriate metal salts. In the design of a new successful catalyst, the steric and electronic properties of a ligand as well as the nature of the metal are important. The significance of ligand study and general literature survey about the important catalytic systems developed has been explicated.  This thesis is an embodiment of continuous efforts of our group dealing with the use of chiral calcium enolates using BINOL in asymmetric catalysis. The current study demonstrates the making of a chiral calcium catalyst using modified BINOL ligands as chiral modulators. The focus of the present study is to design a bifunctional catalyst with calcium as an active metal that can efficiently induce chirality for a given transformation.

Chapter II   : Enantioenriched Calcium-(R)-5,5’,6,6’,7,7’,8,8’-OctahydroBINOL                   (H8-BINOL): An Efficient Catalyst for the creation of a quaternary                       stereocenter.

Chiral tertiary carbon centers are ubiquitous in most of the biologically active natural products. To generate fully substituted carbon center retaining its stereointegrity is still a great challenge to the synthetic chemist. Literature survey revealed that calcium complexes were employed for Baylis-Hillman reaction and asymmetric aldol reaction only.  However, these reports show that calcium complexes were generated using calcium isopropoxide and calcium hexamethyl disilazane as the source of calcium with BINOL as chiral ligand. We were fascinated by the ecofriendly nature of the calcium, hence made efforts to ascertain a cheapest and readily available source for it. We were able to develop enantioenriched calcium-BINOL catalytic system, in which the source of calcium metal is calcium chloride, a readily available bench top chemical.
The catalyst prepared using dipotasium salt of BINOL and calcium chloride was tested on the model substrates methyl 1-oxo-indan-2-carboxylate and methyl vinyl ketone in toluene afforded the Michael adduct 4 in 95% yield with an enantioselectivity of 40%. The results obtained using different BINOL ligands have been summarized (Table 1).
	Studies into the factors affecting the rate, yields and enantioselectivity of the Michael addition reaction of - keto esters and methyl vinyl ketone utilizing BINOL derived ligands were investigated. The effect of several parameters on the model substrates led to the identification of improved condition for the reaction to give the adduct 4 in high yield with impressive enantioselectivity. These parameters have been discussed in detail in this chapter.


Scheme 1

Table 1. Ligands complexed with calcium and screened for Michael addition between                methyl 1-oxo-indan-2-carboxylate and methyl vinyl ketone.

            Entry             Liganda                 Time                     ee %                   Yield,% 

                 1.               1a                        15h	                     40                         95
                     
           2.               1b                        18h	                     46                         87

           3.               1c                        10h                        5                          80
           
                 4.               1d                        18h                       17                         56
                           
                 5.               1e                        12h                       65                         85
      
                 6.               1f                         10h                       35	               90

       	     7.               1g                        20h                       22	               68 

      	     8.               1h                        12h                       72	               93

      	     9.                1i                          8h                       69                         90
    a 10 mol% of catalyst was used.  
Ligand of choice was (R)-H8-BINOL (R)-1h based not only on the rate but also on the selectivity. To show the versatility of the catalytic system, it was applied to various substrates successfully and has been described in the chapter.
In summary, we have demonstrated the potential of (R)-5,5’,6,6’,7,7’,8,8’-octahydroBINOL-Ca complex 2h catalyzed enantioselective Michael addition for the creation of a quaternary stereocenter. This monometallic complex not only acts as Lewis acid but also as a Bronsted base and is reasonably robust. This is for the first time that the calcium has been used for the construction of quaternary carbon center in high to moderate enantioselectivity with excellent product yields. The calcium source for this catalytic reactions is realized from calcium chloride which is an inexpensive readily available eco-friendly bench top chemical. High yields, high selectivities and low catalyst loading of the catalyst have been achieved. Besides, developing a useful catalyst, synthesis of a number of modified ligands has been successfully optimized for the large scale preparation. This study also revealed that the binaphthyl C2-axis’s aptness for generating chirality with optimum yields. Finally, the study illustrates the vast influence of the ligands associated with the metal on the enantioselectivity of the reaction specifically the dependence of selectivity on the configuration of the starting ligands.   


Chapter III : Enantioselective Conjugate Addition of Malonateesters to Nitro                      alkenes by Chiral calcium complexes and its application                      towards the stereoselective synthesis of (R)-(-)-Baclofen.

Enantioselective conjugate additions of carbon nucleophiles are among the most widely used reactions for carbon-carbon bond formation in organic synthesis. It has wide applications in organic synthesis and biosynthesis. Various effective catalytic systems have been developed which are specific towards the different Michael acceptors and donors. Since the product formed has a stereogenic center, thus it can be employed in the target oriented synthesis of bioactive molecules.

	Nitroolefins, which belong to the most reactive Michael acceptors, constitute another interesting substrate type for enantioselective conjugate addition because of the presence of nitro group. Nitro group can be further easily converted to other functional groups by subjecting into various organic transformations. As part of a research programme concerning the study of stereoselective Michael addition reactions with chiral calcium complexes, we were interested in applying it for the nitroalkenes as the Michael acceptors. Thus, we envisioned developing a chiral calcium catalyst for the conjugate addition of the malonateesters to nitroalkenes (Scheme 2). In the course of developing an efficient catalytic system, several reaction variables have been studied. Further the methodology is applied for the synthesis of biological active molecule. The reaction was optimized after examining various parameters such as ligand, solvent, temperature, additives, and catalyst loading. A detailed study of all these parameters has been discussed.


Scheme 2

For the reaction of trans-β-nitrostyrene 5 with dimethylmalonate 6 the optimized conditions were 
a)	Ligand of choice being 3, 3’-diphenyl H8-BINOL based on the rate and selectivity of the reaction.
b)	 Employing 10mol % of the Calcium-BINOL catalyst 
c)	Toluene as the choice of solvent and 
d)	Optimum temperature -10oC
Thus reaction of trans-β-nitrostyrene with dimethylmalonate was carried in the presence of 10 mol% of the calcium-BINOL catalyst in toluene at -10oC to afford the Michael adduct in 90% yield and 88%ee. To show the adaptability of the catalytic system it has been applied to different malonate esters as well as nitroalkenes.
With the objective of extending this methodology to the total synthesis of pharmacologically active compound and explore the scope of Michael addition using chiral calcium complexes, we pursued the concise synthesis of R-(-)-Baclofen. Baclofen, a derivative of -amino butyric acid (GABA), plays a vital role as an inhibitory neurotransmitter in central nervous system (CNS) of mammalians.
Our strategy was based on catalytic approach. The above catalytic reaction is utilized as a key step in the total synthesis of (R)-Baclofen. We report here a stereoselective synthesis of (R)-Baclofen that hinges upon the addition of dimethylmalonate to 4-chloro-α-nitrostyrene to give the Michael adduct with high selectivity (95% ee), which is decarboxylated and reduced to obtain the lactam, a precursor of (R)-Baclofen Hydrochloride. The acid hydrolysis of the lactam led to the formation of (R)-Baclofen (Scheme 3). Chirality was generated by catalytic Michael addition as the key step using, calcium- 3,3’-diphenyl H8-BINOL complex to obtain the requisite intermediate.


Stereoselective synthesis of (R)-Baclofen:


Scheme 3

In conclusion, (R)-3, 3’-Diphenyl H8-BINOL- calcium complexes proved to be the catalyst of choice for the 1,4- conjugate addition reaction of malonate esters to nitroalkenes displaying highest degree of enantioselectivity. Prior to this, employing chiral calcium catalyst for this transformation has not been reported. This method turned out to be applicable to a range of nitroalkenes yielding adducts with high to moderate enantioselectivity in excellent yields. Besides, the efficiency of this protocol has been verified well by a short step synthesis of (R)-(-)-Baclofen thus providing great potential for a facile access to its novel analogues for biological and pharmacological investigations. The reaction sequence provides a facile access to (R)-(-)-Baclofen from easily available and cheap starting materials in 43% overall yield. In summary, we have set up an efficient strategy allowing for the synthesis of the biologically active (R)-(-)-Baclofen enantiomer in high optical purity and reasonable yield. This is an alternative and potentially easier method for incorporating chirality. This synthetic route can also be extended to prepare -lactams, homobaclofen and its analogues.

Chapter IV: Enantioenriched Calcium-(S)-6,6’ Diphenyl BINOL: An Efficient                      catalyst for the epoxidation of α,β-unsaturated enones and its                       application towards the total synthesis of (S)-(+)- Fenoprofen.

 	Catalytic asymmetric epoxidation of ,-unsaturated carbonyl compounds is one of the most important functional group transformations in organic synthesis, for the reason that the corresponding optically active epoxides are potentially useful intermediates in the synthesis of a variety of natural products and pharmaceuticals.
Organometallic complexes have shown to act as a bifunctional acid-base catalyst in a large array of organic transformations leading to products with high levels of enantiocontrol. In our continuous exploration of the concept of bifunctional catalysis, efforts were directed towards the development of a catalyst, which could activate Michael acceptors with high enantiocontrol. We thus report on the design and the utilization of simple bifunctional catalyst prepared from the calcium chloride and BINOL derivatives for the epoxidation reaction and its application to total synthesis of biological active molecule (S)-(+)-Fenoprofen. The detailed discussion of the various parameters studied for the optimization of the reaction condition has been included in this chapter, which also includes the synthesis of the optimized chiral ligand.





Scheme 4
Following the optimized condition, usefulness of this reaction to various other substrates were explored. The successful demonstration of the enantioenriched catalyst 6,6’diphenylBINOL-calcium complex for asymmetric epoxidation of α, β-unsaturated enones prompted us to apply for the total synthesis of (S)-(+)-Fenoprofen. With the nearly optically pure advanced intermediate 19 in hand, the stage was set for completion of the total synthesis.


Scheme 5

Reduction of the epoxy ketone 19 with Zn(BH4)2 followed by the treatment with trimethylaluminium in dichloromethane generates the α-hydroxy-β-methyl-ketone 20. A two-stage oxidation process generates (S)- Fenoprofen, an important non-steroidal anti-inflammatory agent 22. This route is a simple, efficient and economical (Scheme 5).
Herein, we report an efficient catalytic system generated with 6,6’-diphenyl BINOL and calcium chloride, a cheaply available chemical to obtain various substituted epoxides with high yields and enantioselectivities, hence avoiding costly metal sources. Furthermore, a crucial feature of this transformation is that the epoxides are obtained in high selectivity as a result making them very attractive for the target oriented synthesis. Hence, we envisioned to employ this transformation as a key step to generate the chiral center in the stereoselective synthesis of (S)- Fenoprofen, an anti inflammatory drug. The application of this methodology to the preparation of biologically active molecule (S)- Fenoprofen makes the protocol highly practical. The asymmetric epoxidation process developed is applicable to several substituted chalcones thus, providing a rapid, high yielding and easy route leading to the synthesis of various optically active 2-aryl propanoic acids, a group of non-steroidal anti-inflammatory drugs. The route to (S)-phenyl propanoic acid described here is simple, economical, efficient and high yielding. 
Electron Spectroscopy for Chemical Analysis (ESCA), Matrix Assisted Laser Desorption Ionization-Time Of Flight (MALDI-TOF) and Ultra violet spectroscopy techniques were used for the characterization of the chiral calcium-BINOL catalyst and a plausible mechanism has also been postulated. 
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